. Hypochlorous acid modifies calcium release channel function from skeletal muscle sarcoplasmic reticulum.
reactive oxygen; ryanodine binding; redox modification SKELETAL MUSCLE SARCOPLASMIC RETICULUM (SR) is an intramembranous structure that regulates intracellular free Ca 2ϩ . At rest, nanomolar Ca 2ϩ is maintained by a 115-kDa Ca 2ϩ -stimulated Mg 2ϩ -dependent ATPase that actively transports Ca 2ϩ into the SR. After depolarization, the SR releases stored Ca 2ϩ , which diffuses through a Ca 2ϩ channel [ryanodine receptor (RyR) 1] into the myoplasm to activate cross-bridge cycling and subsequent force production. This process is referred to as excitation contraction coupling.
Oxygen free radicals have been shown to mediate various pathological conditions in a variety of tissues, including skeletal muscle (16) . Free radicals are molecular oxygen-derived intermediates generated either by electron reduction or energy activation (i.e., light) and have also been referred to as reactive oxygen species (ROS). Among these ROS, hydrogen peroxide (H 2 O 2 ), singlet oxygen, hypochlorous acid (HOCl), superoxide radical, and the hydroxyl radical are included. In addition, reactive nitrogen species have also been implicated in modifying muscle cell function (20) . Many papers have detailed the effects of one or more ROS on various aspects of skeletal muscle function (3, 5, 14, 17, 26, 29) . We have shown that Ca 2ϩ release channels/RyR display redox sensitivity to both H 2 O 2 (14) and singlet oxygen (27, 31) . Both reagents stimulate Ca 2ϩ release from actively loaded vesicles and stimulate the activity of single Ca 2ϩ channel reconstituted into a bilayer lipid membrane. Oba et al. (24) demonstrated activation of channel activity in lipid bilayers at 10 M when the channel was under a controlled redox potential. Still, work in more complete or intact systems has not always supported data derived from isolated SR experiments. Originally, Andrade et al. ( 3) reported biphasic effects in that H 2 O 2 (100-300 M) increased force generation without any change in myoplasmic Ca 2ϩ , and longer exposures reduced force generation that was independent of myoplasmic Ca 2ϩ . Recently, they have shown that low concentrations (10 Ϫ10 to 10 Ϫ5 M) decreased mean tetanic Ca 2ϩ and increased force by ϳ10% (4). Others have suggested that contractile proteins are sensitive to hydroxyl radical and superoxide but not to H 2 O 2 (5). This is not surprising when the millimolar concentrations of H 2 O 2 that were required to produce an effect in SR vesicle experiments are considered.
Prolonged exercise increases production of ROS (2, 8) and frequently elicits muscle fatigue and damage (13, 18) . Unlike the ROS mentioned above, HOCl is not likely to be produced in muscle during rest or during contraction. Myeloperoxidase catalyzes the chlorination of H 2 O 2 to produce HOCl in neutrophils. As part of the inflammatory response to injury, neutrophils migrate and adhere to endothelial tissues. HOCl and other neutrophil-generated ROS are intended to clear away damaged tissue and have been noted to increase dramatically after ischemia and reperfusion of both cardiac and skeletal muscle. Still, HOCl is likely to cross the sarcolemma and has been shown to be 10-20 times more effective in oxidizing proteins (15) . HOCl is an extremely toxic oxidant that can react with a variety of cellular components, and its concentration has been reported to reach 200 M in some tissues (10) . Polymorphonuclear cells are released as a result of exercise with a concomitant elevation in MPO. After continuous bouts of exercise at 45, 60, and 75% of maximal O 2 uptake, plasma levels of MPO were raised almost twofold at each intensity level (6) . A recent study demonstrated that exercise induced peripheral neutrophilia with an increase in the oxidative activity within 30 min during a single bout of exercise and peaked within 1-3 h postexercise (29) . Although the reason(s) for neutrophil mobilization resulting from exercise remains unresolved, it is clear that MPO concentrations are elevated and thus may factor into acute changes in muscle function during prolonged exercise.
In our previous work, we showed that H 2 O 2 activated the RyR at millimolar concentrations of H 2 O 2 but did not modify the activity of the SR Ca 2ϩ ATPase up to concentrations of 80 mM (14) . In a subsequent paper (12) , our laboratory demonstrated that HOCl inhibited the SR Ca 2ϩ ATPase at concentrations in the micromolar range and that the modification of enzymatic activity was due to an oxidation of thiol groups located on the ATPase. Thus it was our hypothesis that HOCl will produce similar effects on the SR Ca 2ϩ release channel/ RyR to those observed with H 2 O 2 , but at more physically relevant concentrations.
METHODS

Preparation of SR vesicles.
For all studies, SR vesicles were prepared from rabbit hindleg and back white skeletal muscle according to the method of MacLennan (22) . The protein concentration was determined by absorption spectroscopy (19) .
HOCl treatment of SR. HOCl is produced by the enzyme MPO, which is present in granules of neutrophils. Previous documentation by Winterbourne (30) indicated that the commercial product sodium hypochlorite yielded results identical to those obtained with HOCl produced by the MPO system. Thus, for our assays, all concentrations of HOCl were generated by diluting from stock concentrations of sodium hypochlorite (6. Single Ca 2ϩ -channel analysis. Single Ca 2ϩ release channel activity was recorded and analyzed after reconstitution of a SR vesicle into a bilayer lipid membrane, as described previously (31) . Free Ca 2ϩ concentration was 3-5 M, and experiments were carried out at 22°C. In a typical experiment, after channel reconstitution, 20 M HOCl was added to the cis chamber, stirred, and the resultant channel activity was recorded for at least 1 min. Subsequently, 20 M HOCl was added to the cis chamber, and activity was recorded again. For analysis, the data were passed through a KrohnHite low-pass filter (model 3202) at 1.5 kHz, digitized with a Scientific Solutions analog-to-digital converter, and analyzed by using the pCLAMP software package (version 5.0, Axon Instruments, Burlingame, CA).
Flourescent labeling of hyperreactive thiols with (7-diethylphenyl)-2-methylcourmarin. The fluorogenic sulfhydryl probe (7-diethylphenyl)-2-methylcourmarin (CPM) was used to evaluate the effects of HOCl on hyperreactive thiols on the RyR protein. CPM (100 M) dissolved in DMSO was stored at Ϫ20°C. The maximum volume of DMSO added to SR membranes was limited to 0.5% (vol/vol) of the assay buffer to ensure that the solvent did not interfere with fluorescence. With the use of a 3-ml quartz cuvette, 100 g/ml SR was added to a buffer containing (in mM) 250 KCl, 20 PIPES, and 15 NaCl. To simulate the closed state of the RyR, 1 mM CaCl 2 was added to the cuvette. The contents of the cuvette were constantly stirred. Fluorescence was measured by using a spectrofluorometer (SML 8000; SML Instrument, Urbana, IL) and was interfaced with an IBM computer recording system. Excitation and emission wavelengths were set at 397 and 465 nm (slit 16 nm), respectively. CPM was then added to give a final CPM concentration of 80 nM. For HOCl treatments, the cuvette containing SR, buffer, and Ca 2ϩ were treated for 1 min with various concentrations of HOCl (30, 100, and 300 M) at room temperature. CPM was then added as stated above, and fluorescence for all HOCl and SR experiments was measured over 360 s. CPM did not interact with the HOCl concentration. Fluorescence was expressed as counts per second vs. time in seconds. Raw data were fit to an exponential, and the rate constant was derived.
Materials. All reagents were analytical grade. HEPES was obtained from Research Organics (Cincinnati, OH). [ 3 H]ryanodine was purchased from New England Nuclear. CPM was obtained from Molecular Probes. All other chemicals were obtained from Sigma Chemical.
RESULTS
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2ϩ release. In Fig. 1 , whereas the EC 50 was 483 Ϯ 12.8 M. HOCl, at increasing concentrations, also increased the amount of Ca 2ϩ release (Fig. 1) . DMSO was utilized in an attempt to scavenge HOCl, and, at sufficiently high concentrations, DMSO inhibited HOClinduced release (Fig. 2) . When Ca 2ϩ release was measured in the presence of the Ca 2ϩ channel inhibitor ruthenium red (20 M) , no release of Ca 2ϩ was observed with up to 2 mM HOCl (data not shown). The ability to block Ca 2ϩ release with a specific channel inhibitor suggests that HOCl was affecting the Ca 2ϩ release mechanism of SR and was not causing an increase in the SR Ca 2ϩ permeability by nonspecific effects, such as lipid peroxidation.
Ca 2ϩ transport and ATPase activity. In our laboratory's previous work (12) , our laboratory demonstrated that HOCl at micromolar concentrations inhibited both ATPase activity and active accumulation of Ca 2ϩ by the SR. Because those experiments only evaluated Ca 2ϩ uptake (i.e., with a closed release channel) and ATPase activity, they were conducted with high levels of Mg 2ϩ (5 mM) and longer incubation times of 10 min. In these experiments, to demonstrate that the initial rates of release were due to HOCl activation of the RYR, our laboratory conducted additional transport and ATPase studies (Fig. 3) at lower Mg 2ϩ with incubation times of 1 min. The ATPase studies were conducted in the presence of A-23187, Ca 2ϩ -ionophore to ensure that maximal catalytic activity was not prone to To more fully describe the interaction between HOCl and the RyR, time-dependent association experiments were conducted. Increased HOCl concentrations stimulated the rate of association of [ 3 H]ryanodine to its receptor (Fig. 5) . Interestingly, at 300 M HOCl when equilibrium measurements (3-h incubation) indicated ryanodine binding was almost returned to control, time-dependent measurements show a rapid acceleration in the rate of ligand binding followed by dissociation of ryanodine from its receptor.
Time-dependent activation followed by inhibition suggests that ryanodine binding sites are less accessible during prolonged binding at higher concentrations of HOCl. Therefore, we conducted experiments that evaluated the initial rate of binding to provide a more accurate picture of the initial activation. In Fig. 6 , we demonstrate that the initial rate of binding was stimulated up to a concentration of 300 M and then declined significantly. The binding rate increased almost 500% over control. However, at 10 mM HOCl, the initial rate of binding was negligible, indicating that RyR could no longer bind ryanodine. Calcium ions are a potent activator of RyR activation, and peroxide has been shown to alter the Ca 2ϩ -dependent binding of ryanodine to its receptor. In Fig.  7 , it is demonstrated that HOCl sensitized the RyR to activation by Ca 2ϩ . Peroxide has been shown to oxidize critical thiols and activate the RyR, which was reversible on addition of reducing agents (14) . SR vesicles were incubated with or without 40 M HOCl for 10 min before initiation of ryanodine binding. After that incubation, some control (untreated) and HOCl-treated samples were treated with either DMSO to quench the HOCl reaction and DTT to reduce oxidized thiols. Ryanodine binding commenced after these final additions. We observed that the addition of DTT to the binding medium inhibited both the control and HOCl-induced stimulation of ryanodine binding (Fig. 8) . This suggested that HOCl-stimulated binding was due to an oxidation of sulfhydryl groups, associated with the RyR, to disulfides. When DMSO alone was added after the initial incubation period, the stimulatory effect of HOCl persisted. The oxidation-induced stimulatory effect of HOCl on ryanodine binding occurred during the initial incubation period and continued throughout the course of the binding experiment. This effect was persistent unless DTT reduced the oxidized thiol groups to their native state.
Single-channel measurements. Stimulation of singlechannel activity of a reconstituted SR Ca 2ϩ release channel after exposure to micromolar concentrations of HOCl was observed in Hyperreactive thiols. RyR protein has been shown to have 101 cysteine residues per subunit (23), which can be partitioned into three classes of thiols based on the basis of their susceptibility to redox modification (28) . Several of these cysteines have been classified as hyperreactive thiols and are suggested to be essential for normal channel function (21) . The accessibility of the hyperreactive thiols is dependent on the conformational state of the RyR. When the channel is in the closed state, the hyperreactive thiols are accessible and can be labeled through the use of a fluorogenic sulfhydryl probe (CPM). To determine whether HOCl was oxidizing hyperreactive thiols, we exposed SR to various concentrations of HOCl before CPM was bound. Figure 10 demonstrates a concentration-dependent decrease in the rate of fluorescence development. This indicates that either hyperreactive thiols are oxidized by HOCl or, as in the case when the channel is in the "open state," hyperreactive thiols are no longer accessible to alkylation by CPM.
DISCUSSION
It is now clear that the RyR-channel function can be altered by a wide variety of oxidants. Our laboratory's previous work with H 2 O 2 and RyR function demonstrated that oxidation of sulfhydryl groups promotes activation of the receptor. However, the concentrations required to induce activation were most likely unphysiological. In contrast, we demonstrate in this paper that HOCl, a strong oxidant derived from H 2 O 2 , produces similar effects at significantly lower concentrations. More importantly, we demonstrate that HOCl oxidizes critical thiols and stimulates the RyR protein.
The effects of HOCl on RyR function are almost identical to those observed with H 2 O 2 . Both oxidants stimulated Ca 2ϩ release from actively loaded vesicles, induced a biphasic (stimulation followed by inhibition) effect on ryanodine binding, reduced the EC 50 for Ca 2ϩ activation of the receptor, and are inhibited by reducing agents. The primary difference between the two sets of studies is that HOCl produced these effects on SR vesicles at much lower concentrations than peroxide.
Qualitatively similar effects were also observed at the level of single-channel analysis. HOCl activated the channel activity at 20 M, a concentration consistent with activation of ryanodine binding. However, we observed inhibition at 40 M, a concentration much lower than inhibition observed in the binding experiments. This enhanced sensitivity of the channel to various compounds is consistent with observations using H 2 O 2 (14, 24) and singlet oxygen (31) . It is possible that fusing of a SR vesicle to a bilayer lipid membrane modifies the RyR protein in some manner that enhances its sensitivity to channel activators and inhibitors.
Our data also demonstrate both time-and concentration-dependent effects. Lower concentrations of HOCl (Ͻ100 M) activate ryanodine binding. Higher concentrations of HOCl (Ͼ300 M) initially activate and with increasing time subsequently inhibit RyR (Fig. 5) . Very high concentrations (10 mM) appear to only inhibit the RyR as demonstrated in Fig. 6 . However, Ca 2ϩ release is still stimulated by 12 mM concentrations of HOCl (Fig. 1) . Unfortunately, the time frame over which ryanodine binding is measured does not permit acute and rapid time-dependent resolution (Ͻ1 min) when very high concentrations of HOCl are used. The time-dependent effects of higher concentrations of HOCl indicate distinct activation and inhibition sites in which the activation site is more sensitive to oxidation than the inhibition site. When it is considered that it is likely that HOCl rises from nanomolar to 10 . Effects of HOCl on ryanodine receptor hyperreactive thiols with the use of the fluorogenic sulfhydryl probe (7-diethylphenyl)-2-methylcourmarin (CPM). SR vesicles (100 g/ml) were exposed to various concentrations (30, 100, and 300 M) of HOCl for 1 min in a buffer containing (in mM) 250 KCl, 15 NaCl, 20 PIPES, pH 7.1. SR vesicles were induced into a closed-state conformation by the addition of 1 mM Ca 2ϩ (control) and then exposed to HOCl. The development of fluorescence was then recorded as a function of time. CPM was added in 10 l aliquots to yield a final concentration of 80 nM (in 3 ml). Fluorescence is expressed as CPM counts per second vs. time (in s). The raw data were fitted to an exponential curve, and the rate constant was derived from that fit. micromolar concentrations in the cell, activation of the channel would likely be observed before inhibition if the concentrations rise to a sufficiently high level. Neither the single-channel experiments nor the ryanodine binding experiments provide precise data that allows us to accurately predict the effects of HOCl under more physiological or in vivo conditions. However, the data do indicate that SR Ca 2ϩ handling proteins can be modified by HOCl in a manner similar to other ROS.
Another difference noted was that HOCl also inhibited the SR Ca 2ϩ -ATPase, whereas H 2 O 2 did not. This is not surprising because it has been previously published that HOCl interacts with the ATPase protein from both skeletal (12) and cardiac SR (10, 11) . These studies indicated that SR Ca 2ϩ ATPase was shown to have been inactivated by oxidation of thiol groups on the ATPase protein and that functionality could be restored via the application of the reducing agent DTT. However, it is clear from Fig. 3 that the RyR protein is more sensitive to oxidation than the ATPase protein.
After a 1-min exposure to 200 M HOCl, Ca 2ϩ uptake declines dramatically to 10% of control. At this concentration, the A-23187-stimulated Ca 2ϩ -ATPase activity was unaffected.
In our laboratory's previous work, we suggested that the oxygen radical targets free SH groups on the RyR protein (14) . To further understand the nature of the interaction between HOCl and RyR, we assayed for the reactivity with a fluorogenic probe to determine the accessibility of hyperreactive thiols. Exposure of SR vesicles to increasing concentrations of HOCl reduced the amount of CPM fluorescence, which possibly indicates that the hyperreactive thiol groups were targets of oxidation.
It is likely the thiol groups oxidized in our studies are similar to those described by Sun et al. (28) . They demonstrated that oxidation of up to 10 SH groups does not modify RyR activity. Oxidation of an additional 10-15 SH groups reversibly stimulates RyR activity. Oxidation induced by HOCl up to 40 M is reversed by the addition of DTT as demonstrated in Fig. 8 . This work demonstrates that thiols critical for normal channel function were targets of HOCl-induced oxidation.
Although these data appear to suggest that HOCl might prove a better candidate than H 2 O 2 for oxidation-induced damage to SR proteins, it is a difficult conclusion to make given the track record of H 2 O 2 . Our laboratory previously demonstrated biphasic effects on RyR function by using millimolar concentrations of H 2 O 2 (14) . It was also reported that H 2 O 2 was without effect on caffeine-induced Ca 2ϩ release from the SR of chemically skinned diaphragm muscle fibers (7) . Yet the recent work of Andrade et al. (4) (11) , leading them to conclude that these effects occur through the alteration in protein thiol redox status. In saponin-permeabilized skeletal muscle fibers, exposure to 20 M HOCl inhibited caffeine-induced Ca 2ϩ release (7). This study and others provide strong evidence that SR proteins, particularly the RyR, are sensitive to oxidative damage. Still, it is not known to what extent oxidation plays in normal physiological muscle function during rest, contraction, or after contractile activity. Because HOCl would likely be generated extracellularly and during the latter stages of or after a bout of exercise, it is highly unlikely to participate on a time course similar to either superoxide or H 2 O 2 . Continued study should help elucidate the role of ROS, including HOCl, in reperfusion of ischemic muscle, vitamin E deficiency, muscular dystrophy, and other important pathological conditions that demonstrate cytotoxic damage (9) .
